Abstract.-A study of the Mossbauer effect of 57 Fe in magnetic materials subjected to high pressures is described. Specific systems reviewed are FeF2 , ct, s and -y phases of iron, invar, stainless steel and a metallic glass.
Compared with pressure studies of the other Mossbauer parameters, it is probably fair to say that the isomer shift work has given us the most hard information for comparison with theory, to da-
te. Yet, the other parameters are certainly sensitive to pressure as well, i.e., recoilless fraction, second-order Doppler shift, quadrupole splitting and, of course, the magnetic hyperfine splitting.
The latter is the topic of this paper. Because of length limitations, here we mainly review some of the 57 Fe work performed in our laboratory at the University of Washington.
In contrast to the isomer shift studies reported above, the pressure dependence of the hyperfine field has not shed as much light on the relevant nuclear calibration constants, e.g., the ma- Of course pressure may be used t o produce new magnet i c a l l y i n t e r e s t i n g phases, b u t i t s main use here i s i n i t s e f f e c t upon magnetic c r i t i c a l temperatures and magnetization, M (usually a t H = 0). A complete d e s c r i p t i o n of any magnetic system should, a s a matt e r of p r i n c i p l e , include the pressure.
The hyperfine magnetic f i e l d , Hhf, generally provides a measure of the magnetization, o r subl a t t i c e magnetization i n the case of an a n t i f e r r omagnet. This i s because, i n l a r g e p a r t , the main contribution t o ylf i s the contact s p i n d e n s i t y which is polarized by the same magnetic e l e c t r o n s t h a t give r i s e t o the magnetization. Most of the o t h e r contributions a l s o go a s the n e t s p i n of the Nevertheless, t h e presence of a magpetic hyp e r f i n e s p l i t t i n g generally s i g n i f i e s a s t a t e of long range magnetic order. For t h i s reason the M~S - sbauer thermal scan technique 1121 may be used with advantage i n determining the onset of such a s t a t e .
It r e l i e s on t h e general f a c t t h a t the y-ray transmission through a MEssbauer absorber changes discontinuously i f e i t h e r the source o r absorber, moving a t some constant v e l o c i t y (such a s zero) with respect t o the o t h e r , undergoes a magnetic t r a n s it i o n . W e have found t h i s t o be a r a t h e r e f f e c t i v e means of observing t h e v a r i a t i o n of magnetic trans i t i o n s with pressure. I n a subsequent modification, Bridgman anv i l s , t h a t i s , a n v i l s without a supported t a p e r , have a l s o been used t o study e i t h e r MGssbauer sources o r absorbers. When an absorber i s t o be studied, a moving source may be brought i n t o the low temper a t u r e region c l o s e t o the absorber (Fig. l ) , a s i n the e a r l i e r room temperature design /13/. This development i s accomplished by means of a bellows i n the c r y o s t a t w a l l (C.M. Liu and R. I n g a l l s , Rev.
Sci. Instrum. 49 (1978) 1680 ). Such arrangement req u i r e s a c e r t a i n amount of care i n collimating the r a d i a t i o n and p o s i t i o n i n g t h e moving source r e l a t i v e 'to t h e absorber. Many o t h e r high pressure techniques have been developed, some of which a r e based on an a x i a l arrangement in which the y-rays pass through a n v i l s made of a m a t e r i a l of low atomic number. S u i t a b l e m a t e r i a l s a r e boron carbide, cubic boron n i t r i d e , o r diamond. Recently, workers a t the U.S. National
Geophysical Laboratory, using diamond a n v i l s , claim t o have reached a s t a t i c pressure of 1.72 megabar
A t the same i n s t i t u t i o n have been Mzssbauer
experiments on Fe20s and FesOt, t o about 600 kbar 1171. One g r e a t advantage of the diamond technique i s t h a t the pressure may be continuously monitored by observing the s h i f t i n wavelength of a fluoresc e n t m a t e r i a l , such a s ruby, contained i n t h e gasket e d region between the a n v i l s 1181. An attempt a t a more fundamental i n t e r p r e t at i o n of both the e f f e c t of temperature and pressure 1221 on t h i s quadrupole s p l i t t i n g was subsequently made. This was a configuration-interaction molecular o r b i t a l c a l c u l a t i o n 1231. It has r e c e n t l y been r e f ined and a l s o used t o t h e o r e t i c a l l y determine the important pressure dependence of the isomer s h i f t as well 171.
A t atmospheric pressure J?e'F2 i s a n t i f e r r omagnetically ordered below 78 K. Noreover, i t i s presumably a good example of a "localized" magnetic system, with t h e magnetic p r o p e r t i e s completely dominated by. the superexchange i n t e r a c t i o n between a
2+
Fe ion a t the c e n t e r of a u n i t c e l l and a second a t the corner. Although S i l v a ' s c a l c u l a t i o n 1231 of t h i s i n t e r a c t i o n was not complete he estimated t h a t i t would i n c r e a s e according t o Blochls l110/3 rule" In performing t h i s c a l c u l a t i o n i t was discovered t h a t the exchange i n t e g r a l , a s calculated, was ve8ry s e n s i t i v e t o the r e l e v a n t r a t h e r poorly known covalency parameters, and was e a s i l y overestimated by a s much a s a f a c t o r of f i v e ! However, t h e parameter, y was, by way of c o n t r a s t , q u i t e J i n s e n s i t i v e t o the values of the covalency paramet e r s . Garcia's b e s t value i s yJ = 3 . 5 .
An experiment was conducted t o measure the pressure dependence of t h i s NLel temperature 1151.
A t t h a t time i t was not possible t o study the conp l e t e Mzssbauer s p e c t r a of absorbers i n our appar a t u s . However i n t h i s f o r t u i t o u s case i t was poss i b l e t o perform t h e thermal scan measurements a s described i n s e c t i o n 2. This was because, fortunat e l y , a t low temperature (P < 50 kbar) a s t a i n l e s s
s t e e l source n i c e l y overlapped one of the l i n e s of t h e quadrupole doublet i n FeF2 a t % 80 K. The e x p e rimental r e s u l t was t h a t TN increased by 0.27 2 0 . 0 3
Klkbar, o r Since TN i s expected t o go a s J, t h i s r e s u l t i s q u i t e c o n s i s t e n t with t h e o t h e r r e s u l t s .
As a s i d e l i g h t on the above, there have been estimates of t h e e f f e c t of pressure on the anisotropy constants, spin-orbit coupling, g fact o r s , hyperfine magnetic f i e l d and quadrupole s p l i tt i n g below TN 1281. With the recent modification of our apparatus t o handle absorbers, we s h a l l soon perform the required Mzssbauer s t u d i e s .
4. a and E iron.-I n an extension of the e a r l i e r work on i r o n /2,3/ i t has been learned t h a t the pressure induced decrease i n hyperfine f i e l d i s e s s e n t i a l l y the same a t 82 K and 20 K a s a t room temperature 1291. Such a decrease has been a t t r ibuted i n p a r t t o an enhancement of the contact density of t h e conduction e l e c t r o n s which a r e pol a r i z e d o p p o s i t e l y t o the core 161. The s a t u r a t i o n magnetization i t s e l f has been found t o decrease even more rapidly than t h e hyperfine f i e l d 1301.
This i s another example where the two f i e l d s a r e not s t r i c t l y proportional. It may be added t h a t t h e
Curie temperature i s independent of pressure. These r e s u l t s lend some support t o the p i c t u r e of a i r o n behaving much l i k e a moderately weak i t i n e r a n t ma- e . no hyperfine magnetic s p l i t t i n g ) was observed, down t o 2.2 K. This has been i n t e r p r e t e d a s agreei n g with an i t i n e r a n t p i c t u r e 1331. That i s , the band s t r u c t u r e f o r t h i s system apparently y i e l d s a Since samples with p r e c i p i t a t e diameter l a r g e r 0 than roughly 60 A transform t o the a phase with pressure, one has had t o study samples with smaller diameter and, a s a consequence, lower Ngeltemperature, 46 K. Our thermal scan r e s u l t s (Fig. 2) y i e l d
density of s t a t e s t h a t i s too low t o s a t i s f y t h e
Although the t h e o r e t i c a l i n t e r p r e t a t i o n of such a r e s u l t i s not a v a i l a b l e , several remarks may be ma- we have again shown t h a t the ferromagnetic s t a t e i s l e s s s t a b l e with g r e a t e r i r o n content /39/ o r g r e a t e r pressure, whereas the.opposite i s t r u e f o r the antiferromagnetic s t a t e .
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It should be remarked t h a t the f e r r o m a p e t i s m i n i n v a r has prompted welcome t h e o r e t i c a l i n t e r e s t /31,39/ i n terms of the i t i n e r a n t p i c t u r e . However, Liu and R. I n g a l l s , J. Appl. Phys., t o b e published).
As w i t h t h e l a t t e r we have not gone t o very high pressures. Here again a s w i t h t h e i n v a r s , i n c r e a s i n g
Fe content s t a b i l i z e s t h e antiferromagnetic s t a t e , and t h e more s t a b l e t h e system, antiferromagnetical l y , t h e more s t a b l e i t i s with pressure. However, more information i s required t o give a complete p i e t u r e of t h e s e systems.
7. I r o n m e t a l l i c glasses.-Very r e c e n t l y we have begun a study of ferromagnetic m e t a l l i c g l a s s e s cont a i n i n g i r o n . They a r e n o t only i n t e r e s t i n g technol o g i c a l l y because of t h e i r low c o e r c i v i t y , e t c . , b u t a l s o t h e o r e t i c a l l y , where they appear t o be good examples of i d e a l weak i t i n e r a n t ferromagnets /41/.
Using absorbers of amorphous Fe,2Ni,6Crl,P,2B6
(METGLAS 2826 A, A l l i e d Chemical) we have measured the MEssbauer e f f e c t and i t s dependence upon pressur e (C.Y. Liu, R. I n g a l l s J.E. Whitmore, K.V. Rao, and S.M. Bhagat, J. Appl. Phys. t o be published).
Above t h e Curie temperature, 245K, t h e P = 0 spectrum i s a broad, asymmetric doublet, presumably caw sed by a range of isomer s h i f t s and quadrupole s p l it t i n g~. At 78 K, w e l l beow Tc, t h e spectrum c o n s i s t s of t h i s same doublet superposed on a d i f f u s e hyperf i n e p a t t e r n . From t h e o v e r a l l width of t h i s magnet i c component we e s t i m a t e t h e l a r g e s t s i g n i f i c a n t hyperfine f i e l d t o be approximately 210 kOe. The i n t e n s e p a r a a g n e t i c component below T i s unique f o r a metglas. However, such a f e a t u r e i s n o t surp r i s i n g i n view of t h e observation of a l a r g e , low temperature high f i e l d , s u s c e p t i b i l i t y f o r t h e same m a t e r i a l /42/.
The p r e s s u r e dependence of t h i s system t o 110 kbar i s very s i m i l a r t o t h e ferromagnetic i n v a r a l l o y s discussed e a r l i e r . The Curie temperature reduces a t an approximate r a t e of -0.5 K/kbar, while the hyperfine f i e l d i n i t i a l l y decreases a t a r a t e of % -1 kOe/kbar. At h i g h e r p r e s s u r e s the r a t e of decrease i s smaller. Work on t h i s and o t h e r s i m i l a r i n t r i g u i n g systems i s continuing.
8.Summary.-The Mijssbauer e f f e c t i s an extremely powerful t o o l f o r observing t h e pronounced e f f e c t s of p r e s s u r e on a l a r g e v a r i e t y of magnetic systems.
However, a t p r e s e n t , experiments i n t h i s f i e l d remain demanding. But the same may be s a i d f o r the theory of magnetism i t s e l f e s p e c i a l l y a t f i n i t e temp e r a t u r e s . R e g r e t f u l l y , t o make things worse, most such c a l c u l a t i o n s f a i l t o include p r e s s u r e ( o r volume) i n a fundamental way, although t h e measured p r e s s u r e behavior i s a p o t e n t i a l v e r i f i c a t i o n of t h e i r v a l i d i t y . O p t i m i s t i c a l l y , i t i s hoped t h a t a t some p o i n t i n the n e a r f u t u r e the t h e o r e t i c a l advances, can begin t o keep pace w i t h t h e experimental progress !
